Thyroid acting through ligand binding to nuclear receptors modifies myocardial respiratory kinetics and oxidative phosphorylation in heart. Direct non-genomic action of thyroid hormone on high energy phosphate concentrations and respiratory kinetics has never been proven in vivo, but might be responsible for observed changes in oxygen utilization efficiency immediately after T 3 administration. We tested the hypothesis that that triiodothyronine (T 3 ) directly and rapidly modifies myocardial high energy phosphate concentrations and phosphorylation potential in vivo. Anesthetized sheep (age 28-40 days) thyroidectomized shortly after birth (THY), and euthyroid age-matched controls (CON) were open chested and received T 3 infusion (0.8µg/kg), followed by epinephrine infusion to increase myocardial oxygen consumption (MVO2). Cardiac mitochondria isolated from THY and CON showed no change in respiratory rate or ADP/ATP exchange efficiency after T 3 incubation. Conclusions: T 3 infusion in a hypothyroid state decreases [ADP], thereby altering the equilibrium between phosphorylation potential and myocardial respiratory rate. These T 3 induced effects are not due to changes in ADP/ATP exchange efficiency through action at the adenine nucleotide translocator, but may be due to T 3 mediation of substrate utilization, confirmed in other models.
INTRODUCTION
Thyroid hormone regulates myocardial metabolism at the transcriptional level through binding to nuclear receptors. Ligand-dependent binding of these receptors to thyroid receptor elements controls transcription of various target genes involved in contractile and metabolic processes. (5, 16) Although, these nuclear receptor mediated processes have been investigated to some extent, thyroid hormone as its active component, triiodothyronine (T 3 ), also regulates cellular processes through direct binding to membranes or enzymes. (2) The direct or nongenomic actions of T 3 on cardiac energy metabolism and high energy phosphate kinetics remain somewhat obscure. In previous studies, we have demonstrated that T 3 directly regulates myocardial substrate oxidation in isolated perfused hearts. (20) The relationship between substrate oxidation and phosphorylation potential has been established in several cardiac models (23, 43) An apparent equilibrium exists between mitochondrial NADH/NAD and cytosolic phosphorylation potential. Accordingly, we considered that T 3 could also elevate phosphorylation potential in vivo Prior studies in sheep in vivo implicate the adenine nucleotide translocator, which facilitates ADP/ATP exchange across the mitochondrial membrane, as a major influence on the dynamic response of phosphorylation potential to changes in cardiac work and myocardial respiratory rate. (33, 39) Furthermore, thyroid hormone regulates the adenine nucleotide translocator (ANT) through transcriptional and posttranscriptional mechanisms during maturation in sheep. The specific role for direct nongenomic regulation of mitochondrial ADP/ATP exchange by T 3 in heart has not been determined. In this study we tested the hypothesis that T 3 rapidly modifies myocardial high energy phosphate concentrations and phosphorylation potential in vivo. We also sought to determine if deficiency in immediate or nongenomic T3 action plays a role in maintaining ADP-dependent respiratory
H-00848-2004.R1
control in thyroidectomized sheep. We tested these hypotheses in mature sheep exhibiting normal ANT accumulation within the mitochondrial membrane, as well as in thyroid deficient sheep. Studies employed dynamic 31 P magnetic resonance spectroscopy techniques in the sheep heart in vivo.
METHODS

Animals:
Sheep were thyroidectomized within 24-48 hours after birth at the Washington State University School of Veterinary Medicine using longitudinal subcricoid incision. (3, 12) .
Prior studies have demonstrated efficacy of this procedure in reducing T 3 and T 4 to below detectable levels within 7 days. (33) Following recovery, lambs were returned to ewes. Sheep were transported to the University of Washington, allowing at least 48 hours recovery from stress of transport prior to performance of experimental procedures. All procedures were approved by each university respective institutional animal care and use committees and were in compliance with NIH guidelines.
Surgical preparation. At 28-40 days thyroidectomized lambs and comparable aged controls were sedated (intramuscular ketamine and xylazine), intubated, and ventilated with room air and oxygen, followed by an intravenous dose of alpha-chloralose (40 mg/kg). A femoral arterial cannula was placed for monitoring systemic blood pressure and sampling blood.
A median sternotomy was performed and sheep were separated into one of two protocols.
In vivo studies. Pacing electrodes were sutured to the right atrial appendage. Coronary sinus flow was measured via an extracorporeal shunt between the coronary sinus and the superior vena cava, fashioned by cannulating both jugular veins with heparin flushed Tygon tubing as previously described (35) . Ligation of the hemiazygous vein directed coronary venous flow into MHz and acquisition of 31 P spectra were performed as previously described using cardiac gating (38). The interpulse delay was ~2 seconds and the pulse width optimized for the phosphocreatine signal. The cardiac pacemaker triggered spectrometer acquisition. Therefore, atrial pacing rates occurred at the harmonic of 30 beats/sec just above the intrinsic sinus node rate. Spectra were acquired using a simple one-pulse sequence, 5000 Hz sweepwidth and 2048 data points. Thirty-two spectra were collected into data acquisition blocks, which were summed for 8 minute periods. Spectra were analyzed using a least squares fitting program and integration. Fully relaxed spectra were obtained prior to experimental protocols and used for saturation correction. Intracellular pH was determined from the chemical shift difference Pi-PCr (36).
Protocol: Cardiac pacing was necessary for shimming and gating the magnetic resonance pulse sequence. Throughout the protocol the heart rate was maintained by atrial pacing just above the intrinsic rate and increasing if intrinsic rate rose to compete with the pacing rate.
Competition was detected by irregularity in the recorded pulse wave. After completion of an 8
minute baseline acquisition period, T 3 (0.8 µg/kg as liothyronine) or a comparable volume of saline was infused intravenously over 2 minutes. After 20 minutes an 8 minute acquisition period was repeated. Then, epinephrine infusion was initiated at 1 µg/kg/min and slowly increased over 8 minutes to reach an approximate 2-3 fold increase in myocardial oxygen consumption (MVO 2 ). The epinephrine dose was then slowly titrated to maintain a steady coronary sinus flow rate for 8 min during data acquisition. Arterial and coronary venous blood was sampled during the steady state coronary flow periods at baseline, after T 3 or saline infusion, and during epinephrine stimulated increases in MVO 2 .
Oxygen content was determined using dissolved oxygen calculated from the PO 2 and oxyhemoglobin data obtained from a hemoximeter. MVO 2 was calculated from the coronary arteriovenous difference times coronary sinus flow rate.
Mitochondrial isolation. Mitochondria were isolated from groups of control and thyroidectomized sheep separate from the in vivo infusion protocol. After the median sternotomy hearts were excised and immediately put into ice cold 0.9% sodium chloride. After washing out the blood, fat and connective tissue were removed and 15-18g of myocardium from free left ventricular wall was taken for mitochondria isolation. Mitochondria were isolated from the myocardium described previously by digestion of the tissue with Nagase (5mg/g tissue) and differential centrifugation (40) .
Mitochondrial respiratory rates. Substrate oxidation rates and ADP/O ratios were determined polarographically described by Chance et al (4 Williams technique (52) and modifications described more recently (1, 26) . Isolated mitochondria were solubilized in a 2% solution of Triton-X-100 and placed in the sample cuvette of an Aminco spectrometer. Potassium cyanide (2 mm) was added to the cuvette to achieve full reduction of the cytochromes. The Cyt a content was measured using the difference between absorbencies measured at 605 and 630-nm wavelengths with an extinction coefficient of 12.5.
Optical densities were corrected using for any difference between these wavelengths in the unreduced spectrum. Respiratory control index was calculated as the ratio of state 3 to state 4 respiratory rates. As described above, mitochondria from euthyroid and hypothyroid sheep were either incubated with T 3 or control vehicles during the measurement to test the direct effect of T 3 in vitro.
Adenine nucleotide translocator efficiency. Adenine nucleotide translocator function was assessed by modification of the classic 'back-exchange' and atractyloside-stop method described by Klingenberg (19) . Efficiency of ANT was measured as the exchange of extramitochondrial ATP against intramitochondrial ADP. Using substrate conditions defined above, the freshly prepared mitochondria (1mg) were loaded with 5µl were obtained, individual group means were tested for differences using unpaired t-test. For in vivo study comparisons, baseline parameters were also compared to parameters after T 3 infusion with paired t-tests. The effect of T 3 incubation in isolated mitochondria was evaluated using paired and unpaired t-tests. The criterion for significance was p<0.05.
RESULTS
Hemodynamics and Myocardial oxygen consumption in vivo. Thyroidectomy in sheep resulted
in total T 3 levels below the detectable range (< 30 ng/dl). T 3 supplementation increased levels to 354 ± 49 at the end of infusion; while controls starting at 151 ± 23 ng/dl increased to 401 ± 72 at the end of T 3 infusion. Hemodynamic data and oxygen consumption for four groups of sheep are included in Table 1 . These groups are control with T 3 supplementation or saline vehicle, and thyroidectomy with T 3 supplementation or saline vehicle. Heart rate and pressure rate product
were significantly lower in thyroidectomized sheep. T 3 infusion yielded no significant change in any of the hemodynamic and cardiac function indices or in coronary blood flow or myocardial oxygen consumption prior to epinephrine. Epinephrine infusion elevated several parameters, and caused a greater than two-fold increase in MVO 2 and greater than three-fold in some groups.
The protocol was designed to increase epinephrine in order to reach comparable relative increases in coronary flow and MVO 2 for each group. Accordingly, no differences in coronary flow or MVO 2 occurred among the groups. Although comparable MVO 2 levels were achieved among the four groups, some differences in functional parameters occurred during epinephrine infusion: pressure-rate product was higher in thyroidectomized sheep receiving T 3 , than those receiving saline, and heart rate was lower in control sheep receiving T 3 than in those with saline.
High energy phosphates in vivo.
Representative 31 P magnetic resonance spectra from a single thyroidectomized sheep experiment are illustrated in Figure 1 . Difference spectra exhibit the increase in phosphocreatine (PCr) with T 3 infusion with relative stability of ATP. Spectra at peak oxygen consumption achieved through epinephrine show the decrease in PCr and the corresponding increase in inorganic phosphate (Pi). ADP values were calculated from the creatine kinase reaction equation using baseline ATP and total creatine values obtained from previous studies in thyroidectomized and control sheep (33) . For these calculations, we assumed that total creatine did not change through the protocol.
31 P spectra indicated that no significant change in ATP or intracellular pH occurred during these protocols. T 3 infusion significantly increased steady-state PCr to ATP ratio and decreased calculated free ADP in the thyroidectomized group only (Figures 2 and 3 ). Low signal to noise precluded accurate measurement of Pi, although a qualitative decrease was noted on spectra. Epinephrine infusion in
conjunction with increased myocardial oxygen consumption yielded no significant changes in PCr/ATP or calculated ADP for the control groups. However, PCr/ATP decreased and calculated free ADP increased in the thyroidectomized groups. T 3 did not obviate the increase in ADP at peak oxygen consumption in the thyroidectomized group.
Isolated Mitochondria
Respiratory rates normalized to mitochondrial Cyt a (cytochrome oxidase) content and ANT exchange efficiencies are noted in Table 2 . Mitochondria were included for evaluation if the respiratory control index (RCI) exceeded 6.0. There were no significant differences between state 3 and uncoupled state with FCCP indicating that mitochondria were maximally respiring in supplementation on these relationships in hypothyroid or euthyroid models either in perfused heart or in vivo.
We used Our study shows that T 3 elevates PCr/ATP without concomitant change in myocardial oxygen consumption rate. PCr provides the major reservoir of high-energy phosphates within the cytosol. In magnetic resonance spectroscopy studies, the PCr/ATP ratio is considered directly proportional to phosphorylation potential. The creatine kinase equilibrium reaction describes the relationship between PCr and ADP. The data obtained in this study shows a significant and rapid decrease in [ADP] by T 3 in the hypothyroid hearts. According to the relationships defined in these equations, using the reasonable assumption that the total creatine pool does not change during these protocols, T 3 significantly increases myocardial ∆G ATP , thereby improving efficiency of ATP utilization. To determine if T 3 similarly induced a rapid effect on respiratory kinetics in sheep heart exhibiting an immature respiratory mode due to deficiency in ANT content, we provided T 3 supplementation to thyroidectomized sheep prior to the epinephrine challenge. We found that T 3 administration did not alter the dynamic PCr/ATP or ADP response to increasing oxygen consumption in thyroidectomized sheep or in euthyroid control sheep. Therefore, reduction in nongenomic action by T 3 did not cause the persistence of the ADP dependent mode of respiratory control in thyroidectomized sheep in vivo.
In order to confirm that our study results did not deviate from prior studies conducted with liver mitochondria because of differences in experimental format, we then also evaluated mitochondria in vitro using similar methodology (49) . T 3 produced no change in ADP/ATP
exchange efficiency using the classical back-exchange methods with atractyloside, a specific ANT exchange inhibitor. Thus, we concluded that T 3 direct stimulation of ANT exchange did not occur in heart, and was not responsible for the ADP increase caused by T 3 administration.
These findings support the organ specificity theory suggested by Sterling's work, as heart expresses predominantly ANT isoform-1 in contrast to dominant expression of ANT-2 in liver.
In summary, we present the first analysis of rapid or nongenomic T3 action on high energy phosphate kinetics in heart in vivo. We demonstrated direct and rapid As phosphorylation potential in these multiple experiments performed in perfused heart or in vivo can be modified by substrate switching without concurrent change in myocardial respiratory rate, we postulate that the T 3 mediated change in ADP occurs through a similar mechanism. The current study is limited in proving this hypothesis in that we did no explicitly evaluate myocardial substrate oxidation in this model. We previously showed that thyroidectomy did not alter the lactate oxidation contribution to the increase in MVO 2 caused by epinephrine stimulation in this sheep model (33) However, we recognized inherent errors in assuming that substrate uptake corresponds to substrate oxidation, particularly when considerable variation occurs in circulating substrate levels. As myocardial substrate uptake, particularly in vivo, does not correspond to substrate oxidation, a thorough investigation would require fairly elaborate tracer techniques using either radioisotopes or The hemodynamic indices were determined at baseline, after infusion of T 3 or saline placebo (I), and during 8 min of epinephrine infusion (EPI) after achieving a steady state. C, control sheep (n=7); C + T3 control sheep with T 3 injection (n=5); Thy, thyroidectomy sheep (n=7); Thy + T 3 , thyroidectomy sheep with T 3 injection (n=8); BPm, Mean arterial blood pressure; HR, Heart rate reflects pacing rate. PRP, Product of HR and BPm;. CF, coronary blood flow; *, p< 0.05, compared with C; +, p< 0.05, compared with Baseline; ^ , p< 0.05, compared with Thy. 14 C]-ADP loaded into mitchondria, that was exported back to the extramitochondrial milieu during 60 seconds. The reaction was terminated by addition of atractyloside. There are no significant differences between euthyroid and thyroidectomized groups and no differences with T3 incubation in either group for any of the measured parameters in vitro. 
